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Characterization of the Volatile Compounds in
Raw and Roasted Georgia Pecans by
HS-SPME-GC-MS
, and Ronald B. Pegg

Abstract: Volatile compounds are responsible for the characteristic aroma of raw and roasted pecans. Yet, much is
unknown about the specific effects of roasting on pecan volatiles. In this study, the volatiles of raw “Desirable” pecans
from Georgia and 3 roasted pecan samples (175 °C for 5, 10, and 15 min) were determined by HS-SPME coupled to
GC-MS using stable deuterium-labeled volatiles as internal standards for quantitation. As expected, roasting markedly
impacted the volatile profile of pecans: a total of 63 flavor-active compounds were identified in roasted samples, including
9 compounds not detected in raw “Desirable” pecans. Pyrazines, notable indicators of the Maillard reaction, were
found only in roasted samples and demonstrated continual increases throughout observed roasting times. Furthermore,
it was noted that hydrocarbon derivatives showed substantial increases with roasting, likely a result of the degradation
of nonvolatile lipids. The observed changes correspond well to prior sensory investigations concerning the impact of
roasting on pecan flavor, and explain increases in intensity for roasted, nutty, buttery, and sweet sensory traits.
Keywords: headspace SPME, pecans, roasting, tree nuts, volatile profiles
Practical Application: The results of this study document the volatile constituents generated during the roasting of
pecans, and this may help formulators, who are trying to develop natural and artificial pecan flavors in new food products.

Introduction
In the growing year of 2016/2017, the United States was
one of the top tree nut producers in the world, with a production of shelled nuts totaling 1.68 million tons (United States
Dept. of Agriculture Economic Research Service [USDA ERS],
2016, 2017). Tree nuts, including U.S. pecans (Carya illinoinensis [Wangenh.] K. Koch), are considered an excellent source of
energy and dietary protein, as well as a rich source of natural
bioactive and health-promoting constituents (Amarowicz, Gong,
& Pegg, 2017; Gong et al., 2017). There are more than 20 viable
cultivars grown in the United States, of which “Desirable,” “Stuart,” “Western Schley,” and “Wichita” are the most important
commercially (Anderson, 2014; Wells & Conner, 2012). Internationally speaking, countries in eastern Asia are prominent trading
partners for U.S. pecans (USDA ERS, 2018). Among all of the destinations, China constantly accounts for greater than one-third of
exported U.S. pecans. It is believed that this increased demand was
triggered by the rapid acceptance of U.S. pecans alongside their
historically preferred Chinese hickory nuts (USDA ERS, 2015).
Pecans are consumed both independently as snacks and also as
accompaniments to other food recipes, and may be consumed either in a raw or roasted form, which is not so for all tree nuts.
Roasting will impart desirable changes to the lipid and flavor profiles by a variety of chemical mechanisms (Gong & Pegg, 2015;
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Hojjati, Lipan, & Carbonell-Barrachina, 2016). Magnuson, Kelly,
Koppel, and Reid (2016) recently investigated the effect of roasting on the descriptive flavor assessments of pecans and determined
that many flavor notes were enhanced upon thermal processing.
Specifically, it was found that across all eight pecan cultivars investigated, the attributes of overall nutty, nutty–woody, nutty–grainlike, nutty–buttery, brown, caramelized, roasted, overall sweet, and
sweet were of higher magnitudes for roasted pecans versus their
raw counterparts.
Examinations of tree nut species have shown that a plethora
of volatile compounds will be generated or increased during the
roasting of these nuts. One mechanism for this is the breakdown
of nonvolatile lipid components into smaller volatile molecules as
a result of the increased heat (Xiao et al., 2014). In addition to
lipid-related volatiles, Maillard reaction products such as pyrazines
are also expected to be generated during the roasting process. Recently, it was demonstrated by fast-cycling optical heating GC that
pyrazine concentrations within tree nuts increase upon exposure
to roasting temperatures (170 °C; Fischer et al., 2017).
Other investigations of tree nuts have found roasting to increase volatile concentrations. Agila and Barringer (2012) employed selected ion-tube MS to investigate the impact of various
thermal processing methods on almond (Prunus dulcis) volatiles,
and reported roasted almonds to have higher overall concentrations of most volatiles than raw almonds. Microwave-processed
almonds generated the highest volatile levels, and oil-roasted almonds yielded the lowest, suggesting a potential loss of volatiles
to surrounding oil. Maillard reaction products, including benzyl
alcohols, methanol, and benzaldehyde were the dominant volatile
constituents found in almonds.
Although both raw and roasted pecans are consumed worldwide, the profile of pecan volatiles is, surprisingly, largely

Vol. 83, Iss. 11, 2018 r Journal of Food Science 2753

Food Chemistry

Yi Gong, Adrian L. Kerrihard

Volatiles of raw and roasted pecans . . .

Food Chemistry

unknown. An extensive review of the literature yielded little
information on the compositional makeup of volatiles in raw
and roasted pecans. Mody, Hedin, and Neel (1976) isolated and
identified 38 compounds in raw pecan kernels by employing
steam distillation and GC-MS. Wang and Odell (1972) steam
distilled and fractionated the volatiles from both raw and roasted
pecan kernels and then identified them using GC-MS. Similar
works were also published by Cadwallader, Kim, Puangpraphat,
and Lorjaroenphon (2010) with 20 compounds identified in the
neutral, acidic, and basic fractions from raw and roasted nuts. Information regarding pecan cultivars and quantitation was missing
in all of these articles. Besides, the separation and identification
studies on the volatiles were performed several decades ago and
employed now-obsolete GC-packed columns, limiting the value
of comparisons to contemporary data. Steam distillation is also
time-consuming and can result in the loss and/or oxidation of
low-boiling analytes. Recently, Xu et al. (2017) investigated
pecan quality with electronic nose technology, but this study did
not provide any information concerning the volatile profile.
With present-day modern GC and flavor extraction technologies, it is possible to obtain more in-depth chemical information
and to better quantitate the volatile compounds. For instance,
Xiao et al. (2014) employed this technique to evaluate the
changes in volatiles of raw and dry-roasted almonds. A total of 58
volatiles were characterized and quantitated. The levels of most
volatiles had significantly increased after the roasting process,
with several exceptions including benzaldehyde 2-methyl-1propanol, 3-methyl butanol, 2-phenylethyl alcohol, α-piene, and
methylsulfanylmethane.
To provide insight into the formation of pecan flavors during the
roasting process, a method was developed to employ HS-SPMEGC-MS to characterize the compositions of the signature volatiles
in both raw and roasted “Desirable” pecans, the cultivar with the
largest acreage grown in Georgia. This technique allowed for the
direct extraction of volatiles from the ground pecan sample matrix and for simultaneous quantitation based upon isotopic-labeled
volatiles as internal standards. This study performed a thorough investigation of the volatile profiles of raw “Desirable” pecans, and of
these pecans exposed to three different roasting treatments (175 °C
for either 5, 10, or 15 min). We hypothesize that the roasting treatments will substantially change the volatile profiles, and that these
changes will help elucidate the effects of roasting on pecan flavor.

Materials and Methods
Chemicals and standards
The deuterium-labeled volatile standards including hexanal-d12 ,
octanal-d16 , 2-methylpyrazine-d6 , hexanoic-6,6,6-d3 acid, and
n-nonane-d20 were purchased from C/D/N Isotopes, Inc. (Pointe
Claire, PQ, Canada).
Nut samples and roasting
“Desirable” pecan samples, collected from four to five orchards
of pecan farmers in South Georgia, were provided by Dr. M.
Lenny Wells from the Horticultural Dept. of Univ. of Georgia,
Tifton Campus, in the fall of 2015. The nuts were amassed from
“Desirable” trees by traditional means (that is, a tree shaker,
sweeper, harvester), and then air-dried at room temperature.
Samples remained in-shell and were transported to the Dept. of
Food Science & Technology in Athens, GA, where upon receipt
they were vacuum packed and stored at −80 °C until analyzed.
2754 Journal of Food Science r Vol. 83, Iss. 11, 2018

On the day of analysis, nut samples were cracked with a
Duke’s Easy Pecan and Nut Cracker (Model 0100, Walmart,
Athens, GA, U.S.A.), shelled by hand, and then dry-roasted
using an impingement oven (Model 1450, Lincoln Foodservice
Products, Fort Wayne, IN, U.S.A.) in duplicated batches for
either 5, 10, or 15 min at 175 °C. The time and temperature settings were optimized and selected from preliminary
experiments.

HS-SPME sampling
A 50/30-μm divinybenzene/carboxan/polydimethysiloxane
(DVB/CAR/PDMS), Stableflex 23 Ga SPME fiber (Cat No.
57298-U, Supelco, Inc., Bellefonte, PA, U.S.A.) with a bipolar
coating was selected for HS analysis of the pecan nut volatiles.
This type of fiber was selected primarily for odor and flavor analysis, because it demonstrated better sensitivity and repeatability
compared with other SPME fiber coatings available for purchase
(Vas & Vékey, 2004). The fiber of choice was conditioned at
260 °C for 60 min prior to analysis. Between each analysis, the
SPME fiber was reconditioned for 10 min at 260 °C and retracted
back into the fiber holder to protect it from cross contamination.
Raw and roasted pecan samples, removed from the impingement
oven, were immediately ground with a pestle in a mortar and
then passed through a 325-mesh sieve. Liquid nitrogen was used
to rapidly cool the roasted nuts and helped prevent the loss
of volatiles during the grinding process. Two grams of each
finely ground sample were weighed into a 20-mL amber, screw
cap, headspace vial (Cat. 72546A, Analytical Sales and Service,
Inc., Flanders, NJ, U.S.A.), which was then sealed with an
18-mm magnetic screw cap with 0.050 ultra-low bleed blue
PTFE/white silicone liner (Cat. No. 62517, Analytical Sales and
Service). Three replicates were prepared and analyzed for each
sample.
In a cold room (4 °C), all internal standards (hexanal-d12 ,
octanal-d16 , 2-methylpyrazine-d6 , hexanoic-6,6,6-d3 acid, and nnonane-d20 ) were dissolved in 95% (v/v) ethanol and quantitatively transferred into volumetric flasks and then diluted to mark
with ultrapure water (that is, with a resistivity of 18.2 M•cm
at 25 °C). A 100-μL aliquot of the working internal standard
mixture was added to a HS vial containing a ground sample; the
final concentrations of the internal standards were 125 ng/g of
nutmeat for hexanal-d12 , octanal-d16, and n-nonane-d20 as well as
160 ng/g of nutmeat for 2-methylpyrazine-d6 and hexanoic-6,6,6d3 acid. The HS vials were capped immediately with the magnetic
screw cap. After sealing, the vials were loaded into the tray of the
PAL autoinjector of the HS-SPME-GC-MS system and then held
for 30 min at room temperature to reduce any variability in the
samples caused by temperature fluctuations stemming from the
grinding process. The vials were transferred to the incubator of
the PAL system set at 65 °C and the SPME fiber then penetrated
the vial through a septum to a depth of 31 mm. Extraction of the
volatiles was carried out for a total of 30 min assisted by agitation.
During this period, analytes diffused from the sample and competitively bonded to the limited adsorption sites on the adsorbent
layer of the DVB/CAR/PDMS fiber. The loaded sample mass,
sample-to-HS ratio, penetration depth, and extraction time were
optimized based on preliminary experiments for the best peak area
response for most volatiles constituents. Upon completion of the
HS extraction, the SPME fiber was removed from the vial and
then injected into the GC, where the volatiles were desorbed in
the inlet for 10 min at 250 °C.
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Identification and quantitation of volatiles
Separated aroma-active compounds were identified by comparing their retention times (tR ) and mass spectra with those of
available authentic standards from the Sigma-Aldrich Chemical
Co. (St. Louis, MO, U.S.A.), or with reported compounds from
the literature and the NIST Mass Spectral Library (NIST 14) using the NIST Mass Spectral Search Program (Version 2.2). For the
latter, a cutoff threshold of 82% for the matching of compounds
was used.
The TIC was obtained across the entire mass spectrum scan.
Extracted ion peak areas of individual volatiles and stable isotope internal standards were used for relative quantitation. Briefly,
each major class of volatile was quantitated using its corresponding internal standards (that is, hexanal-d12 and octanal-d16 ,
2-methylpyrazine-d6 , hexanoic-6,6,6-d3 acid, and n-nonane-d20
were employed to quantitate aldehydes, pyrazines, organic acids,
and alkanes, respectively). Other classes of volatiles were quantitated based on the internal standard with the closest proximity
to each analyte detected in the TIC. The concentration of each
volatile was calculated using the following equation:
Concentration (ng /g ) = (A volatile) / (A I.S) × (Conc. I.S)

where A volatile is the extracted ion peak area for each individual
compound of interest, A I.S and Conc. I.S are the extract ion area
and concentration for each corresponding internal standard, respectively. The calculated relative quantities were used to evaluate
the effect of heat processing on pecan nut volatile profiles.
Flavor descriptions of compounds were derived from The Good
Scents Co. database (http://www.thegoodscentscompany.com).
Recovery and reproducibility determinations. A devolatilized pecan matrix was prepared by subjecting defatted
ground nut meal for overnight treatment in a vacuum oven.
The prepared sample matrix was then spiked with hexanal,
2-pentanone, heptanoic acid, and 2-methylpyrazine at a
200 ng/g of nutmeat level, representing the 4 major classes of
volatile compounds in raw and roasted pecans. The average
recovery percentages and relative standard deviations (RSDs) were
calculated based on triplicate runs.
Odor activity values. Odor activity values (OAVs) were calculated as the ratio of the detected concentration of a compound
to that compound’s reported odor threshold value. Odor threshold
values were obtained from literature (Czerny et al., 2008; Leffingwell & Leffingwell, 1991; Schiffman, Bennett, & Raymer, 2001).

Data analysis. Significant differences among the volatile concentrations were determined by one-way ANOVA and Tukey’s
test, with a significance level of α = 0.05. When reporting changes
in concentrations following roasting, changes were calculated using
average concentrations across all three roasted treatments against
the initial concentrations detected in the raw samples. All statistical
analyses were performed with Statistical Analysis System software,
Version 9.2 (Cary, NC, U.S.A.).

Results and Discussion
Recovery and reproducibility
The mean recovery for hexanal, 2-pentanone, heptanoic acid,
and 2-methylpyrazine were 93.2%, 94.5%, 92.0%, and 96.1%,
respectively. RSDs for the four aforementioned standards were
1.5%, 2.0%, 3.1%, and 1.4%, respectively. Therefore, HS-SPMEGC-MS quantitation via the deuterium-labeled isotope standards
in the present study was able to generate reliable and repeatable
data.
Volatiles of raw and roasted pecans
Figure 1 depicts the overlaid HS-SPME-GC-MS chromatograms of the volatiles detected in raw and roasted “Desirable”
pecan samples. Utilizing the NIST library and literature values, a
total of 63 volatiles were isolated and tentatively identified, of
which 31 were subsequently verified with authentic standards.
The compositional results and their aroma descriptors are summarized in Table 1.
Raw pecan volatile profiles comprised 18 ketones and aldehydes, 12 alkanes and alkenes, 10 acids, and 6 additional aroma-active
compounds. Peak 33 was the predominant aroma compound
detected in raw pecans and accounted for 17.5% of the total
area. Mass spectral analysis of this peak revealed a molecular ion
[M–H]− at m/z 99 with intense fragmentation ions at m/z 43 and
m/z 55. This peak was identified as 4-methyl-3-pentenoic acid.
This compound has been reported in cheese and beer products,
and is responsible for a buttery and fruity flavor (Eyres & Dufour,
2009; Hugues, 2009). Other major carboxylic acids determined
in raw pecan volatiles were nonanoic acid (peak 55) and octanoic
acid (peak 50), both of which contribute fatty and cheesy notes.
Similarly, peak 51 was confirmed to be dodecane, an alkane
capable of imparting a signature buttery note and cocoa aroma in
raw pecans. This aliphatic compound was previously reported in
almonds and chestnuts. Peak 15 was assigned as 3-penten-2-one
by tR matching with an authentic standard. The fragmentation
pattern was aligned to that of the standard, showing 2 major
fragment ions at m/z 69 and m/z 41. The fruity notes of raw
pecans can also be attributed to 2,4-dimethyl-heptene (peak 20),
4-methyl-heptene (peak 22), and 1-pentanol (peak 16) (Burdock,
2009). In addition, 3-methylbutanal (peak 8), 2-methylbutanal
(peak 9), and benzaldehyde (peak 31) are likely contributors to
an almond-like side aroma note in the raw pecans.
Roasted “Desirable” pecans exhibited a more complex flavor
profile than that of raw pecans. Comparisons of the concentrations of selected major volatiles in raw and roasted pecans are
summarized in Table 2, along with reported odor thresholds and
calculated OAVs for each compound. In interpreting the OAVs,
it should be considered that these are based on reported threshold
values, which are of noted inconsistencies and are determined with
pure samples in water (Czerny et al., 2008; Leffingwell & Leffingwell, 1991; Schiffman et al., 2001). It is suggested that the OAVs
be considered only as an approximate indication of a compound’s
Vol. 83, Iss. 11, 2018 r Journal of Food Science 2755
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GC-MS analysis
Volatiles were analyzed with an Agilent 6890 GC coupled with
an Agilent 5973 mass selective detector (Agilent Technologies
Inc., Palo Alto, CA, U.S.A.). Separations were carried out on a
HP-5 column (30 m × 0.25 mm id, 0.25-μm film thickness,
Agilent Technologies) under constant flow mode. Helium was
used as the carrier gas at a flow rate of 0.7 mL/min. The injection
was performed in the split mode at a ratio of 5:1. The initial
oven temperature was 40 °C, which was held for 2 min and then
ramped to 100 °C at a rate of 4 °C/min, after which the ramp was
increased to 10 °C until a temperature of 250 °C was reached. The
GC oven then remained at this temperature for 5 min. The total
run time was 37 min with a solvent delay set for 2 min to protect
the MS detector. Electron impact mass spectra were acquired at
70 eV with an ionization source temperature of 230 °C. Total ion
chromatographs (TICs) were generated at a scanning range from
m/z of 30 to 150 at a rate of 3 scans/s.

Volatiles of raw and roasted pecans . . .
Table 1–Tentative identifications of aroma-active compounds found in raw and roasted pecans.a
Peak no.

Tentative I.D.

Food Chemistry

Aldehydes and ketones
1
Acetone
3
Butanal
4
Pentanal
5
2,3-Butanedione
8
3-Methylbutanal
9
2-Methylbutanal
10
3-Methyl-3-buten-2-one
11
2-Pentanone
12
2,3-Pentanedione
14
3-Hydroxy-2-butanone
15
3-Penten-2-one
17
Hexanal
19
Furfural
28
3-Hepten-2-one
30
2-Heptanal
31
Benzaldehyde
35
Octanal
36
Hydroxy methylfuranone
40
Phenylacetaldehyde
43
4,4 -Dimethyl furanone
44
Nonanal
46
5-Methyl-2-thiophenecarboxaldehyde
52
Decanal
Pyrazines
25
2-Methylpyrazine
26
2,5-Dimethylpyrazine
29
2,3-Dimethylpyrazine
Organic acids
7
Acetic acid
16
Butanoic acid
33
4-Methyl-3-pentenoic acid
34
Hexanoic acid
42
Heptanoic acid
45
2-Ethyl hexanoic acid
50
Octanoic acid
55
Nonanoic acid
59
n-Decanoic acid
60
2-Methyl propanoic acid
Alkanes
6
Hexane
13
Heptane
24
Nonane
32
2,4-Dimethyl hexane
37
5-Methyl decane
41
3,3 -Dimethyl hexane
48
Eicosane
51
Dodecane
57
Tridecane
61
Tetradecane
62
Pentadecane
Alkenes
18
2-Octene
20
2,4-Dimethyl-1-heptene
22
4-Methyl-2-heptene
27
α-Pinene
38
D-Limonene
Additional compounds
2
Ethanol
16
1-Pentanol
23
4-Methyl pentanoic acid methyl ester
21
Butanoic acid methyl ester
39
2-Hydroxy-3,3 -dimethyl-γ -butyrolactone
47
3-Methyl-1-penten-3-ol
63
δ-Decalactone

Flavor descriptionb

tR (min)

Extracted ion

Internal standard

1.43
1.71
1.76
1.84
2.30
2.39
2.47
2.60
2.69
2.85
3.22
4.12
4.73
6.69
7.07
7.16
7.99
8.13
8.82
9.85
9.94
10.46
11.68

43
72
58
86
57
44
69
71
57
45
41
72
96
55
83
106
84
56
105
112
98
125
43

Pear-like
Green pungent
Malt, almond
Buttery flavor
Almond, cocoa
Malt, almond
Floral, green
Ether
Cream, butter
Coffee, butterscotch
Fruity, pungent
Green, grassy, fatty
Bread, sweet almond
Cheesy, coconut
Fatty, citrus, rancid
Almond, burnt sugar
Lemon, green
Toffee, caramel
Honey, sweet, green
Caramel, cotton candy
Citrus, green
Bready, woody note
Orange peel

Octanal-d16
Octanal-d16
Octanal-d16
Octanal-d16
Octanal-d16
Octanal-d16
Octanal-d16
Octanal-d16
Octanal-d16
Octanal-d16
Octanal-d16
Octanal-d16
Octanal-d16
Octanal-d16
Octanal-d16
Octanal-d16
Octanal-d16
Octanal-d16
Octanal-d16
Octanal-d16
Octanal-d16
Octanal-d16
Octanal-d16

6.16
6.40
6.99

94
108
108

Nutty, roasted peanut
Cocoa, roasted
Roasted nut

2-Methylpyrazine-d6
2-Methylpyrazine-d6
2-Methylpyrazine-d6

2.14
3.79
7.63
7.77
9.52
10.25
11.22
12.81
14.10
14.25

45
60
43
73
60
88
101
73
129
43

Sour odor
Dairy-like, cheesy, buttery
Cheesy, buttery, fruity
Cheesy
Cheesy
Fatty, cheesy
Fatty, oily
Fatty, green
Rancid, fatty
Acidic, sour cheese

1.89
2.72
5.94
7.46
8.31
9.05
10.96
11.57
13.12
14.53
15.84

57
71
57
43
98
43
85
71
57
43
57

Alkene
Alkene
Alkene
Tea-type flavor
Alkene
Tea-type flavor
Alkene
Alkene
Alkene
Alkene
Alkene

n-Nonane-d20
n-Nonane-d20
n-Nonane-d20
n-Nonane-d20
n-Nonane-d20
n-Nonane-d20
n-Nonane-d20
n-Nonane-d20
n-Nonane-d20
n-Nonane-d20
n-Nonane-d20

4.52
4.85
5.49
6.62
8.51

55
70
69
93
68

Mushroom
Fruity, green
Fruity, green
Pine, turpentine
Citrus, mint

2-Methylpyrazine-d6
2-Methylpyrazine-d6
2-Methylpyrazine-d6
2-Methylpyrazine-d6
2-Methylpyrazine-d6

1.51
3.64
5.80
5.02
8.65
10.73
15.87

31
59
69
74
42
59
71

Sweet
Fruit
Sweet, green nutty
Fruity, bubble gum
Apple
Buttery
Coconut

Hexanoic-6,6,6-d3
Hexanoic-6,6,6-d3
Hexanoic-6,6,6-d3
Hexanoic-6,6,6-d3
Hexanoic-6,6,6-d3
Hexanoic-6,6,6-d3
Hexanoic-6,6,6-d3
Hexanoic-6,6,6-d3
Hexanoic-6,6,6-d3
Hexanoic-6,6,6-d3

acid
acid
acid
acid
acid
acid
acid
acid
acid
acid

Octanal-d16
Octanal-d16
Octanal-d16
Octanal-d16
Octanal-d16
Octanal-d16
Octanal-d16

Compounds were identified by HS-SPME-GC-MS in raw “Desirable” pecans and pecans roasted for either 5, 10, or 15 min at 175 °C. Tentative identifications were made in
accordance with the NIST library and literature values.
Flavor descriptions were derived from the Good Scents Co. database (http://www.thegoodscentscompany.com).

a

b
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Raw
Roasted
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Figure 1–HS-SPME-GC-MS chromatograms of raw and roasted “Desirable” pecan (175 °C for 15 min) from 0 to 10 min (top) and (B) 10 to 15 min
(bottom).

contribution to the pecan samples’ flavor profile. The changes in
selected flavor-active compounds during roasting are depicted in
Figure 2. The total peak area for volatiles after pecans had been
roasted for 15 min increased by over 130% compared to that of
raw pecans, and a total of nine new aroma-active compounds
were generated during the roasting process. Thus, a combination
of several groups of newly generated or increased aroma-active
compounds is responsible for the distinctive and unique flavors of
raw and roasted pecans.
Among the 12 aldehydes and ketones that exhibited significant
changes in their concentrations, 5 were newly found compounds
in roasted pecans. 2,3-Pentanedione (associated with a buttery,
creamy flavor) was first detected after 10 min of roasting, and
its concentration doubled from 33.1 to 70.3 ng/g of nutmeat
at the 15-min mark (corresponding to an OAV of 13.8). This
flavor note has also been reported in roasted coffee beans (Yang
et al., 2016). Phenylacetaldehyde (peak 40) and furfural (peak 19),
both associated with sweet notes, were of higher concentrations
in the roasted samples, although both had maximum observed
OAVs below 1.0. These compounds are products of the thermal
degradation of carbohydrates via the Maillard reaction (Wang &
Kays, 2000). Their presence has also been documented in roasted
hazelnuts (Alasalvar, Shahidi, & Cadwallader, 2003) and roasted
coffee beans (Schenker et al., 2002).
Furthermore, 2- and 3-methylbutanal (peaks 8 and 9, respectively) increased by over 10-fold in pecans that had been roasted

for 15 min. These aldehydes may contribute considerably to the
nutty-, caramel-, and chocolate-like odors in roasted pecans, as
these compounds had relatively large OAVs (25 and 89.4, respectively). Reportedly, 2- and 3-methybutanal originate from
Strecker degradation products of the amino acids isoleucine and
leucine, respectively (Huang, Tippmann, & Becker, 2017; Martin
& Ames, 2001; Rizzi, 2008). Besides these thermally generated
flavors, other ketones like 2,3-butanedione and 3-penten-2-one
also increased by 10- and 17-fold, respectively. These ketones possess relatively low aroma thresholds (Niebler, Zhuralova, Minceva,
& Buettner, 2016); therefore, their contributions and impacts to
the overall flavor profile of roasted pecan may be substantial.
Three pyrazine compounds, namely 2-methylpyrazine, 2,5dimethylpyrazine, and 2,3-dimethylpyrazine, were detected in the
roasted pecan samples. Pyrazines are generated by the Maillard reaction and are considered important to the signature nutty, roasted,
and sweet flavors of roasted nuts (Martin & Ames, 2001; Müller
& Rappert, 2010). As expected, the concentrations of pyrazines
significantly increased with roasting. In the present study, 2,3dimethylpyrazine was the most abundant (129 ng/g), closely followed by 2,5-dimethylpyrazine and 2-methylpyrazine at levels of
103 and 79.3 ng/g of nutmeat, respectively.
Nonanoic acid, 2-ethyl hexanoic acid, octanoic acid, and
4-methyl-3-pentenoic acid all increased substantially with
roasting. These organic acids are believed to contribute cheesy,
buttery, and fatty flavors. The concentrations of most alcohols,
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Retention time (tR, min)
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Table 2–Concentrations (ng/g of nutmeat) of selected major volatile compounds found in raw and roasted pecans.a

Volatile compounds

Food Chemistry

Aldehydes and ketones
2,3-Butanedione
3-Methylbutanal
2-Methylbutanal
2-Pentanone
2,3-Pentanedione
3-Penten-2-one
Hexanal
Furfural
Hydroxy methylfuranone
Phenylacetaldehyde
5-Methyl-2-thiophenecarboxaldehyde
Pyrazines
2-Methylpyrazine
2,5-Dimethylpyrazine
2,3-Dimethylpyrazine
Organic acids
4-Methyl-3-pentenoic acid
2-Ethyl hexanoic acid
Octanoic acid
Nonanoic acid
Alkanes
Dodecane
Additional compounds
Ethanol
1-Pentanol
Butanoic acid methyl ester
3-Methyl-1-penten-3-ol
δ-Decalactone

Roasted pecans

Max.
OAV

Flavor
descriptionc

Threshold
(ng/g)

Raw
pecan

5 min

10 min

15 min

% Changeb

1.0d
0.50d
1.5d
70000e
5.1f
1.5e
2.4d
776f
40d
140d
−g

1.09
n.d.
1.7
7.71
n.d.
7.24
49.9
n.d.
n.d.
n.d.
14.6

2.68∗
1.79
1.94
9.65
n.d.
54.2∗∗∗
35.7∗
n.d.
92.7
5.51
24.9∗∗

12.8∗∗∗
13.6
12.6∗∗∗
20.5∗∗∗
33.1
144∗∗∗
50.8
15.3
102.3
43.5
9.8∗

20.2∗∗∗
44.7
37.5∗∗∗
27.6∗∗∗
70.3
182∗∗∗
65.5∗
71.2
115
118
46.2∗∗∗

1091.1
New
1020.4
249.7
New
1750.5
101.5
New
New
New
184.7

20.2
89.4
25
0.0004
13.8
121
27.3
0.092
2.88
0.843

Buttery flavor
Almond, cocoa
Malt, almond
Ether
Cream, butter
Fruity, pungent
Green, grassy, fatty
Bread, sweet almond
Toffee, caramel
Honey, sweet, green
Bready, woody note

130e
800e
2500e

n.d.
n.d.
n.d.

n.d.
8.4
22.8

9.2
61.8
72.3

79.3
103
129

New
New
New

0.61
0.129
0.052

Nutty, roasted peanut
Cocoa, roasted
Roasted nut

3000e
3000e

746
40.7
143
44.6

967∗
69.7∗∗
204∗
403∗∗∗

791
43.8
174
386∗∗∗

1325∗∗
129∗∗∗
211∗∗
302∗∗∗

137.8
198.6
137.3
815.4

0.070
0.101

Cheesy, buttery, fruity
Fatty, cheesy
Fatty, oily
Fatty, green

2000f

54.8

23.1∗∗

28.3∗∗

111∗∗∗

98.8

0.056

Alkene

990000d
4000e
2200d

9.07
2.33
n.d.
5.3
3.28

30.9∗∗∗
4.43∗
3.44
15∗∗∗
2.81

35.5∗∗∗
20.7∗∗∗
13.2
13.9∗∗∗
2.9

52.6∗∗∗
34.7∗∗∗
15.9
28.8∗∗∗
4.5

437.3
855.9
New
362.9
103.8

0.00005
0.0087
0.0072

−g
−g

−g

31d

0.145

Sweet
Fruit
Fruity, bubble gum
Buttery
Coconut

“Desirable” pecans were roasted at 175 °C for 5, 10, and 15 min. Concentrations were calculated based on their corresponding deuterium-labeled internal standards, and reported
values represent means of 3 replications.
b
Percentage changes were calculated using average concentrations across all 3 roasted treatments against the initial concentrations detected in the raw samples (“New” indicates
compounds were detected only in roasted samples).
c
Flavor descriptions were derived from the Good Scents Co. database (http://www.thegoodscentscompany.com).
d
Reference for data: Czerny et al. (2008).
e
Reference for data: Leffingwell and Leffingwell (1991).
f
Reference for data: Schiffman et al. (2001).
g
No reference for odor detection threshold found.
∗
P < 0.05 for raw (control) versus corresponding roasting condition; ∗∗ P < 0.01 for raw (control) versus corresponding roasting condition; ∗∗∗ P < 0.001 for raw (control) versus
corresponding roasting condition.
n.d., not detected.
a

including ethanol, 1-pentanol, and 3-methyl-1-pentenol also
intensified during the roasting process. These compounds are
likely principally generated as secondary lipid oxidation products.
Pecans are rich in monounsaturated fatty acids, but polyunsaturated fatty acids account for roughly 22% of pecans by mass (Griel
& Kris-Etherton, 2006). Of these polyunsaturated fatty acids,
linoleic acid alone represents 21% of pecans by mass. Hence,
partial decomposition of linoleic acid upon thermal processing is
likely responsible for much of the observed increases in alcohol
concentrations.

Comparison of volatile profiles with reported flavor notes
of roasted pecans
As mentioned in the introduction, Magnuson et al. (2016)
investigated pecan flavors and found the sensory attributes of
overall nutty, nutty–woody, nutty–grain-like, nutty–buttery,
brown, caramelized, roasted, overall sweet, and sweet to consistently be greater in roasted pecans than in raw. We can make
some observations by comparing those findings to our volatile
profiles (refer to Table 2). The observed emergence and increases
of pyrazine compounds during roasting may be an important
component of roasted pecan flavor, as the sensory notes of these
2758 Journal of Food Science r Vol. 83, Iss. 11, 2018

compounds (overall nutty, nutty–woody, nutty–grain-like, and
roasted) correspond well to the attributes of greater reported
intensity in roasted pecans (Magnuson et al., 2016). However,
even at their maximum observed values, the compounds failed
to reach an OAV of 1.0, which presents reason to doubt
their importance to pecan flavor. Further investigation of the
detection thresholds of the noted pyrazines (particularly in
food matrices, and in combination with one another) may be
warranted.
The increases in buttery flavor notes may well be due to the
substantial increase of 2,3-butanedione (maximum OAV of 20.2),
or possibly the formation of 2,3-pentanedione (maximum OAV
of 13.8). The increases in observed sweet sensory attributes could
be attributable to increases in ethanol and/or the introduction of
furfural and phenylacetaldehyde, although for none of these did
the maximum OAV reach 1.0.
Our volatile profiles also show compounds with fruity and fatty
sensory notes to increase in roasted pecans (particularly organic
acids, 1-pentanol, and butanoic acid methyl esters), but these compounds all had maximum OAVs well below 1.0. In the referenced
sensory study, fruity and fatty sensory notes are not noted as common descriptors for pecans (Magnuson et al., 2016).

Volatiles of raw and roasted pecans . . .

3-penten-2-one

HMF 2,3-pentadione
2-pentanone

hexanal

2-methylbutanal

furfural

3-methylbutanal

acetaldehyde

2,3-butanedione

2-methyl-2-thiophenecarboxyaldehyde
0

20 40 60 80 100 120 140 160 180

2-methylpyrazine

2,5-dimethylpyrazine

3-methyl-1-penten-3-ol

2,3-dimethylpyrazine

methyl butanoate

2-ethyl hexanoic acid
dodecane

1-pentanol
ethanol

Figure 2–Selected aroma profiles of “Desirable” pecans roasted for •, 5 min roasting; ◦, 10 min roasting; and , 15 min roasting.
HMF, hydroxymethyl furanone.
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